Current limits from the Large Hadron Collider exclude a standard model-like Higgs mass above 150 GeV, by placing an upper bound on the Higgs production rate. We emphasize that, alternatively, the limit could be interpreted as a lower bound on the total decay width of the Higgs boson.
I. INTRODUCTION
High energy physics experiments have validated the Standard Model (SM) description at a high level of accuracy. These tests of the SM, however, have been restricted to the gauge sector of the theory. Very little is known about the Higgs sector, related to the breakdown of the electroweak symmetry and the generation of mass of elementary particles. Searches for the Higgs bosons at the Large Hadron Collider (LHC) are reaching maturity and it is expected that, independently of the Higgs mass, if a SM-like Higgs boson is present in the spectrum, the LHC will find evidence of it in the near future. Indeed, data collected at the LHC so far are already excluding a SM Higgs mass above 150 GeV [1].
The exclusion limit for a SM Higgs boson is presented in terms of an upper limit on the production cross section of the Higgs boson at the LHC; a particular value of the Higgs mass is considered excluded when, at the 95% confidence level, the upper limit of the cross section reaches that expected of a SM Higgs boson. This way of presenting the exclusion limit is well-motivated, since the limit is often derived from searches in many different channels, among which the production cross section is the universal strength modifier.
However, it is important to recall that what was actually measured in each search channel is the event rate, which is the product of the production cross section and the decay branching fraction. There are in fact two universal strength modifiers in the event rate across all search channels: the production cross section and the total width of the Higgs boson. Assuming the production cross section is not affected, null results from the Higgs boson searches at the LHC could very well be interpreted as a lower limit on the total width of the Higgs.
New physics can affect interpretations of current Higgs exclusion limits in a significant way: it could modify the Higgs production cross section and/or the Higgs decay branching ratios. An important example is the presence of new light colored particles which couple to the Higgs sector with a comparable strength to the top Yukawa coupling. Such new colored particles could alter the Higgs production cross section significantly in the gluon fusion channel, which is the dominant production channel at the LHC. This possibility is well-studied in the literature [2, 3] . To evade the exclusion limit, the Higgs production in the gluon fusion channel must be reduced from the SM expectation, pointing to scenarios where the Higgs mass is less fine-tuned [3] . Another example of decreasing the production cross section is to induce mixing between the Higgs boson and a neutral scalar.
1 The other possibility of reducing the branching ratios of Higgs decays in the relevant search channels can be achieved by, for example, increasing the decay to competing SM modes such as bb in the light mass region [7] . It is also possible that the Higgs has a larger than expected total width, which would then reduce the branching ratios universally in all decay channels. Such a scenario arises naturally when the Higgs boson couples to quasi-stable neutral particles with a mass that is smaller than half of the Higgs mass, in which case the Higgs invisible decay width may be of the same order or even larger than the visible decay width, thereby reducing the branching ratios into visible matter [4, 8] .
In other words, the current Higgs search limit could be a hint on the "dark side" of the Higgs boson, suggesting a large invisible decay width. Searches for Higgs particles decaying invisibly were performed at LEP and have been investigated at the LHC in both the associated production with vector bosons as well as in the vector boson fusion (VBF) channels. In the VBF case, it was suggested that a 14 TeV LHC is capable of probing the existence of such an invisible decay width with a modest integrated luminosity, of about 10 fb −1 [9] . We will study an alternative method to infer the Higgs invisible width, by measuring the total width from the lineshape of Higgs decays into four leptons via two Z bosons. Since the experimental resolutions in the total invariant mass is at around 1 -2 GeV [10, 11] , such a method becomes effective at large Higgs masses, above 190 GeV. If the invisible particle the Higgs decays into is the dark matter, the amount of reduction required to satisfy the current search limit, as well as constraints from direct detection experiments, turns out to have interesting implications on the relic density of the dark matter.
This work is organized as follows. In Section II, we review the impacts on Higgs searches from the dark side of the Higgs, while in Section III we study the 4 lineshape measurement and extract the Higgs boson width. We discuss the possible dark matter connections in Section IV and provide concluding thoughts in Section V.
1 Such an effect will also change the width, but not the individual branching fractions as it suppresses all partial decay widths to the SM [4, 5] . Determining the pattern of the suppression for various modes can help determine the type of neutral scalar involved in the mixing [6] .
II. THE DARK SIDE OF THE HIGGS
If there exists a light quasi-stable neutral particle that couples to the Higgs boson, the resulting decay may be seen as missing energy in a detector. The presence of such a decay mode dilutes the strength of production and decay to visible states typically used for Higgs boson discovery.
Assuming that the production strength of the Higgs boson is unchanged and the narrowwidth approximation (NWA) is valid, the event rate of the Higgs signature in a particular channel X SM is reduced by the fraction
where Γ h SM is the SM Higgs boson total width, and X inv are the non-SM invisible states the Higgs boson decays to.
2 When the Higgs mass is heavy and the width becomes substantial, the NWA may not be valid. Therefore, in our study we calculate the suppression in the event rate using the full Breit-Wigner propagator. Deviations from the NWA are found to be O(15%) for m h = 500 GeV, but quite small for masses in the 200 GeV range. In order to be consistent with the null result from current Higgs searches, the reduction factor in the event rate is generally required to be O(50%) or larger [1], which suggests a dark side of the Higgs that is comparable to the visible side:
In Fig. 1 we show the suppression necessary to be consistent with LHC search results from ATLAS and CMS collaborations.
The invisible width of the Higgs could be probed directly at the LHC by searching for W/Z plus large missing energy in the associated production channel of the Higgs [12] , or using the VBF channel by looking for two forward jets plus large missing energy [9, 10, 12] .
However, at the LHC production rates in both channels are an order of magnitude smaller than that in the dominant gluon fusion channel. It is therefore desirable to look for additional ways to probe the dark side of the Higgs.
The total width of the Higgs can be measured from the lineshape in Higgs decays in the golden channel: h → ZZ → 4 . Because of the experimental resolution in total invariant , presented in terms of upper limits on the production cross section. We also show the equivalent suppression in the cross section from an increase in the total decay width of the Higgs that is 1.5, 2, and 3 times the SM total width. mass, such a measurement can be made for Higgs masses above 190 GeV [10, 11] . In this mass range, the dominant decay modes of the SM Higgs boson are into W and Z boson pairs. If one assumes a one-Higgs-doublet model where the electroweak symmetry is broken by the Higgs vacuum expectation value, as we will in this work, the neutral Higgs couplings to pairs of W W and ZZ are completely determined by the SU (2) L ×U (1) Y gauge symmetry,
where v ≈ 246 GeV, g is the SU (2) L coupling strength, and c w the cosine of the Weinberg mixing angle. Since in the heavy mass region the Higgs decay is dominated by W W and ZZ channels, the visible decay width of the Higgs is therefore well known below the top threshold. Above the top threshold, we will simply assume the Higgs coupling to the top quark is the same as in the SM. However, because the tt branching fraction is generically less than 20 %, this is a rather weak assumption once experimental uncertainties in the total width measurement is taken into account. In the end, the non-SM invisible width can be inferred from a measurement on the total width:
These assumptions may be cross checked by measuring the Higgs couplings to W W, ZZ, and tt in the heavy mass region. Earlier studies on extracting Higgs couplings mostly concentrate on the low mass region [13] . A recent study [14] did consider extracting Higgs couplings at 190 GeV by including using a similar measurement on the total width in the 4 lineshape.
Note that a measurement of the total Higgs boson width below the SM expectation would indicate either a suppression in the coupling (e.g. by mixing), or a singlet acting as a "Higgs imposter". In either case, the relative decay rates can shed light on whether the singlet mixes with the real Higgs boson [6] or is an imposter [15] .
III. 4 LINESHAPE
The h → ZZ → 4 channel is often considered the "gold-plated" mode for discovering the Higgs boson at the LHC. Due to the low backgrounds dominated by continuum ZZ production, and a well measured final-state, the signal is quite clean and can be easily The Higgs boson width extraction from the 4 lineshape has been studied in several CMS analyses [16, 17] . However, these studies all assumed a SM width, while our motivation calls for a larger total width with a reduced overall normalization in the lineshape. In this section we study the effect of the diluted event rate in the 4 channel due to a large invisible width on the sensitivity of extraction of the total width. More explicitly, we consider a range of
Higgs masses between 200 and 500 GeV with widths between 1 − 3 times the SM Higgs boson width, calculated using the HDECAY package [18] .
To analyze the LHC sensitivity beyond the aforementioned CMS studies, we generate 50000 events in h → ZZ → 4 channel in Madgraph [19] and assume the background subtraction can be done cleanly as this is a precision measurement, only made after first discovering the Higgs boson. That said, we do include the increase in uncertainty after background subtraction. Using the code ALPGEN [20] , we compute the irreducible back-ground from continuum ZZ production and reducible backgrounds from tt production and
Zbb production, where the heavy flavor decays produce an isolated muon. In practice, after cuts, we find the continuum ZZ production dominates the background sample and peaks near M ZZ = 200 GeV. We therefore concentrate on the irreducible background and apply a K-factor of K ZZ = 1.6 as calculated in MCFM [21] .
The experimental broadening of the lineshape is estimated by generating events with a vanishing Higgs width and smearing the final state lepton momenta according to the experimental resolution in the electron and muon channel. To be precise, we use [11] ∆p
where ⊕ indicates that the errors are added in quadrature. The broadening of the lineshape is then obtained by fitting the result to a Gaussian distribution.
The shape of the measured invariant mass distribution, M 4 ≡ √ŝ is described by a
where the first term is the physical Breit Wigner shape of the Higgs resonance:
and is found after fitting the M distribution with no smearing; here x Z ≡ M 2 Z /ŝ. The experimental broadening term is the gaussian distribution:
where σ exp is the channel dependent experimental broadening on the lineshape. Using this procedure, it is possible to accurately measure the width of the Higgs boson down to masses of 200 GeV, where it is of the same order as the experimental resolution. This lineshape is modified by radiative corrections [22] and by final state radiation. Both corrections do not affect our analysis in a significant way, and are therefore neglected in our analysis.
In our analysis we utilize both the 4µ and e + e − µ + µ − decay of the Higgs, which we discuss in turn. The 4µ channel benefits from a very clean muon identification and the absence of j, γ → e fakes. The e + e − µ + µ − channel benefits from having twice the signal rate compared with the 4µ channel and a slightly better momentum resolution for hard electrons.
In the 4µ channel, we follow the cuts outlined in Ref.
[16] by requiring exactly four tagged muons with |η| < 2.4 and
where µ i are p-ordered muons. Additionally, we require that at least one pair of opposite sign muons reconstruct the Z-boson,
The 4µ lineshape does have a combinatorial background for the individual reconstruction of the Z-bosons, but selection efficiency is good.
The cuts in the 2e2µ channel are motivated by Ref. [17] for a Higgs boson mass of 250
GeV,
55 GeV < M e + e − ,µ + µ − < 107 GeV,
We find that with these cuts, we can efficiently reject the Z + Z * /γ * as well as the reducible backgrounds Zbb and tt to a negligible level.
As emphasized already, previous studies on total width measurement in the 4 channel did not include the dilution effect from an enlarged invisible decay width. To demonstrate the impact of a reduced signal strength on the width measurement, in Fig. 2 we show the extracted widths as well as the fractional uncertainties for an input width that is 1 times and 2 times the SM expectation. The measured width follows closely the input width and is largely within the 1σ boundaries for both channels we consider and various luminosities.
By increasing the total width by a factor of two, the measurement uncertainty increases correspondingly as shown in the right panels. Departure of the fit from the SM width beyond the uncertainty would suggest a breakdown of the assumption that the lineshape It is worth comparing the LHC reach of the invisible width through the VBF channel to the indirect measurement by the 4 lineshape, which is shown in Fig. 3 . We see that the searches in VBF for missing energy and the lineshape measurement are very much complementary, with the VBF measurement being more sensitive for low Higgs masses, and In Fig. 4 we show the luminosities needed for exclusion at the 95% C. L. of a SM total width in the 4 lineshape measurements, which would be a strong hint on the existence of a sizable invisible width. We consider scenarios when the input width is 2 times, 2.5 times, and 3 times the SM expectation at both the 7 TeV and 14 TeV LHC. More specifically, we simulate the luminosities at which
where Γ meas h is the central value of the measured total width and δΓ meas h is the 1σ uncertainty in the extraction. As can be seen, at 7 TeV it would be extremely difficult to rule out a SM total width while at 14 TeV only a small amount of luminosity, less than 40 fb −1 , is needed unless the Higgs is heavier than 450 GeV. Somewhat surprisingly, having an input width larger than the SM expectation has little impact on the exclusion reach of a SM total width, at least in the three possibilities we considered. Although the uncertainty in the width extraction increases with a larger total width, as can be seen in Fig. 2 also increases in such a way that results in the behavior in Fig. 4 .
It would be interesting to see if this is still the case in more realistic simulations.
Finally, it is worth recalling that a reduction in the event rate in a particular Higgs search channel could be due to i) a decrease in the production cross section or ii) an increase in the total width. In Fig. 5 we compare the fractional uncertainties in the width measurements from these two different causes when the event rate is only 50% of that expected from the SM. In both cases the uncertainties are worse than that from a SM event rate, although there seems to be little difference between the two reduction mechanisms. However, since the total width in ii) is twice as large as that in i), the absolute uncertainty δΓ meas h in ii) is also twice as large as in i) due to the broadening of the lineshape. A measurement on the total width, when combined with a counting experiment measuring the event rate, could help disentangle the two reduction mechanisms. For example, a decrease in the event rate and a total width consistent with the SM would imply the reduction is due to a smaller than expected production cross section. 
IV. DARK MATTER CONNECTIONS
If the Higgs boson decays to invisible particles, the presence of new quasi-stable states naturally leads to the question whether those particles could also be dark matter candidates. Assuming this is indeed the case, we study in this section implications from Higgs search limits, the observed relic density, as well as constraints from dark matter (DM) direct detection experiments.
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For simplicity we consider cases where the DM is either a scalar or a fermion which is a singlet under SM gauge symmetries, and take as free parameters the DM mass, its coupling to the Higgs boson, and the Higgs mass. The minimal models describing interactions of the Higgs boson with a scalar and a fermionic DM are [4, 25] :
where δ c = 1/2 for a real scalar and a Majorana fermion and 1 otherwise.
The requirement that the invisible decay width of the Higgs is comparable to the visible decay width sets a lower bound on the couplings:
whereλ f = λ f (v/Λ) is the effective coupling of the dark fermion to the Higgs scalar. On the other hand, the lack of definitive signals from direct detection experiments of DM places an upper bound on the scattering rate of DM with the nuclei, which depends on the product of two factors: 1) the local density of the DM and 2) the interaction strength of the DM with quarks and gluons inside the nuclei. The local density is inherited from the relic density and is inversely proportional to the thermal average of the DM annihilation rate. Therefore we see the Higgs coupling to DM cancels completely in the signal rate in direct detection experiments, unless additional annihilation channels of the DM exist. We will see that these considerations place strong constraints on the parameter space of minimal models, and satisfying all three conditions: Higgs invisible width, direct detection, and relic density is a non-trivial task. Note however that the relic density constraint could be relaxed, either by allowing the DM particles to annihilate through additional channels, or by letting them decay, either outside of the detector or into final states with large SM backgrounds.
The Higgs decay width is easily obtained in analytic form,
The relic density can be obtained from the Higgs mediated annihilation cross section in the nonrelativistic limit [4] :
where Γ h = Γ h→SM + Γ h→ss is the total Higgs width, and Γ h→SM (m h = 2m s ) denotes the width of the Higgs boson decays into SM particles for a Higgs mass of 2m s , which is a convenient way of summing over all possible final states via the virtual Higgs exchange for a center-of-mass energy of 2m s . The relative velocity of the annihilating particles v rel appears for fermionic DM since the annihilation occurs via p-wave Higgs exchange. Using these formulas, it is easy to incorporate dark matter annihilation to W W * and to gluon pairs, which are included in our codes. The relic density can now be obtained using the standard approximate solutions to the Boltzmann equations [26] :
where the freeze-out temperature x F = M 1 /T F is determined numerically from
and the annihilation cross section is decomposed as σv = a + bv 2 .
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The remaining parameters are the number DM degrees of freedom g d , g = 92, the Planck mass
19 GeV and c = 1/2.
Note that for non-self-conjugate fields such as a complex scalar or a Dirac fermion, 1 2 σv must be used to calculate the relic density, which accounts for the fact that a DM particle cannot annihilate with itself, but only with its corresponding anti-particle [27] .
Finally the event rate at DM direct detection experiments is determined by the elastic DM-nucleon scattering cross section, which is mediated by t-channel Higgs exchange,
where f N is the effective Higgs-nucleon coupling and m N is the nucleon mass. The most precise determination of f N comes from the lattice. Using
and the numerical values given in [28] , we obtain f N = 0.32 for both protons and neutrons.
For scattering rates of more general DM spin, see Ref. [29] .
In Fig. 6 we show the DM relic density as a function of the mass for benchmark scenarios of λ s ,λ f = 1. For both a scalar and a fermionic DM the relic density drops significantly around m DM ∼ m W , where annihilation into electroweak gauge bosons becomes kinematically allowed. We see that a correct relic density with order unity coupling to the Higgs can The light green band is the WMAP-7 measured [34] dark matter relic density.
be achieved for a scalar DM masses below m W and a fermionic DM mass above m W . We therefore focus our attention to these two mass ranges.
We are now in a position to consider whether there is viable parameter space with m h 200 GeV that could be consistent with the current LHC Higgs limits, the observed relic density, and direct detection constraints on DM. The results are presented in the (m h , m DM ) plane in Fig. 7 , where for each (m h , m DM ) we determine the coupling λ by the relic density constraint. In particular, we consider cases where the invisible decay product makes up 100% and 10% of the observed relic density, respectively. The different mass ranges for a scalar and a fermionic DM are motivated by the relic density considerations in Fig. 6 . Shown in Fig. 7 are : 1) contours of invisible Higgs branching fraction ranging from 20% to 80%, 2) limits from Xenon 100 on the spin independent DM nucleon cross section [30] , and 3) ATLAS and CMS limits on σ Higgs /σ SM re-interpreted as lower bounds on the invisible Higgs branching fraction. The plots shown are for the case of a complex scalar/Dirac fermion, but the limits on the parameter space are very similar for the corresponding cases of real scalar or Majorana fermion DM.
For scalar DM, the top panel in Fig. 7 suggests that the minimal scenario where the DM annihilates solely through the virtual Higgs exchange is tightly constrained, except for the region of Higgs masses below 145 GeV [8] or a DM mass below 20 GeV. However, for a light scalar DM in this mass region, there may be large fluxes of anti-protons from the galactic center due to annihilations of DM through the Higgs exchange [31] , which is severely constrained by the lack of excess in the anti-proton spectrum measured by the PAMELA collaboration [32] . On the other hand, above m h = 200 GeV there is no region compatible with direct detection limits where the Higgs has a large invisible width. If we relax the relic density constraint, the parameter space opens up, which is illustrated in the top right plot of Fig. 7 , where the coupling λ s is chosen such that the relic density is 10% of the total observed dark matter density in the universe. Note that for this case we have changed the mass range for m s to avoid regions where the coupling needs to be nonperturbative.
For fermions, a similar picture emerges, as is shown in the bottom panel in Fig. 7 .
However, compared to the case of a scalar DM, there is slightly more viable region of parameter space where the invisible Higgs width is sizable and the DM annihilates completely through the Higgs exchange. This region will be probed in the near future by the LHC experiments. Relaxing the relic density constraint, a large region of parameter space opens up where the invisible branching fraction of the Higgs is larger than the SM width of the Higgs. We also proposed a method to infer the invisible decay of the Higgs by measuring the total width of the Higgs boson in its decay to four charged leptons. This measurement is possible The combination of total width and event rate measurements could help determine whether the reduction in the signal strength is due a smaller production cross section or a larger total width.
The simplest extension of the SM that results in a large invisible Higgs width is the addition of a gauge singlet DM particle that couples to the SM only through the Higgs boson. In this case, a correct relic density and a large invisible decay width can be obtained for an order unity coupling. However, when confronting the simplest models with LHC Higgs limits and direct detection constraints, we find that both a scalar and a fermionic DM singlet is heavily constrained. Relaxing the relic density constraint, e.g. by assuming that the DM singlet is only one component of the total dark matter in the universe, we find sizable regions of viable parameter space. These scenarios will be probed in the near future by the ongoing Higgs and DM searches.
